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CALCULATION OF THERMODYNAMIC FUNCTIONS OF 
CHEMICALLY REACTIVE GASES 

V. B. Nesterenko and V. P. Bubnov 

Thermodynamic ana lys i s  of t h e  d i s s o c i a t i n g  system N204.  

The physicochemical p rope r t i e s  of N204 are determined and t h e  

entropy and enthalpy are ca lcu la ted  as func t ions  of tempera- 
t u r e  and pressure.  The ca lcu la ted  va lues  are shown t o  be suf- 
f i c i e n t l y  accu ra t e  f o r  use  i n  preliminary des ign  of t u rb ines ,  
h e a t  exchangers, and thermodynamic cyc les .  

The development of ene rge t i c s ,  t h e  growth of turbopower u n i t s  and t h e  /5* 
c r e a t i o n  of s m a l l  energy p l a n t s  have pushed i n t o  t h e  f o r e ,  from out of a whole 
group of problems, a search  f o r  new working substances.  
t h a t  one of t h e  pa ths  toward so lv ing  t h i s  problem is t h e  app l i ca t ion  of chemi- 
c a l l y  reactive (d i s soc ia t ive )  gases a s  t h e  working subs tance  in a turb ine .  

The au thors  b e l i e v e  

The i d e a  of u t i l i z i n g  d i s s o c i a t i v e  gases as t h e  working substance i n  tu r -  
bomachinery w a s  a t  f i r s t  s t a t e d  by M. L i g h t h i l l  [ l ]  i n  1957. 

The uniqueness of d i s s o c i a t i v e  gases is  due t o  t h e  proper ty  of complex 
molecules of gas t o  d i s s o c i a t e  (decompose) i n t o  more simple (with s m a l l e r  atom- 
i c  weight) molecules and, t he re fo re ,  t o  have a h igher  gas cons tan t  during heat- 
i ng  and t o  recombine i n t o  t h e  i n i t i a l  forms upon cooling. This q u a l i t y  of d i s -  
s o c i a t i v e  gases is  u t i l i z e d  i n  t h e  thermodynamic cyc le  i n s o f a r  as t h e  work of 
a tu rb ine  and compressor are propor t iona l  t o  t h e  gas cons tan t .  

The change ( increase)  t h e  t h e  gas constant i n  a t u r b i n e  pe rmi t s  changing 
t h e  r a t i o  of u se fu l  power t o  inpu t  power of t h e  compressor by 70-75% i n  conven- 
t i o n a l  gas tu rb ines  using i n e r t  gases and up t o  40-50% i n  conventional gas tur -  
b ines  using a d i s s o c i a t i v e  gas. As a r e s u l t  of t h i s ,  t h e  e f f i c i e n c y  of gas 
tu rb ines  us ing  a d i s s o c i a t i v e  gas can be made much h igher  than conventional in- 
e r t  gas turb ines .  Af te r  a l l ,  t he  app l i ca t ion  of t he  gas-f luid cycle ,  proposed 
by t h e  I n s t i t u t e  of Nuclear E l e c t r i c  Power of t h e  Academy of Sciences, BSSR, 
allows us t o  ge t  an e f f i c i e n c y  i n  the  i n s t a l l a t i o n  of 40-50% a t  temperatures 
of 673-1023' K and a t  pressures  of 60-130 a t m .  

The a p p l i c a t i o n  of a d i s s o c i a t i v e  gas a l s o  favorably a f f e c t s  t h e  i n t e n s i -  
f i c a t i o n  of t h e  hea t ing  system, s i n c e  the hea t ing  of t h e  gas is accompanied by 
g r e a t e r  absorb t ion  of hea t  during d i s soc ia t ion .  

*Numbers i n  t h e  margin i n d i c a t e  pagination i n  t h e  o r i g i n a l  fo re ign  t e x t .  
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- The e f f e c t i v e  p rope r t i e s  of a uniform d i s s o c i a t i v e  e. I n  t h e  k i n e t i c s  
of chemical r eac t ions ,  two concepts are accepted; uniform f low and s t agna t ion  
flow. I n  uniform flow, the speeds of d i s soc ia t ion  and recombination are s o  
g r e a t  t h a t  t h e  change i n  t h e  chemical composition of t h e  gas system is non- 
i n e r t i a l ,  and p r a c t i c a l l y  fol lows instantaneously t h e  changes i n  temperature 
and pressure .  I n  s t agna t ion  flow, t h e  r a t e  of chemical r eac t ions  are s o  low 
t h a t  w i th  changes i n  temperature and pressure,  t h e  composition of t he  gas mix- 
t u r e  does n o t  change. 

I n  the theory of m a s s  t r a n s f e r  [2-41, chemical thermodynamics [5-71 and 
t h e  thermodynamics of i r r e v e r s i b l e  processes [8], it w a s  shown t h a t  uniform 
thermophysical p rope r t i e s  are determined by a near  combination of two a d d i t i v e  
cons t i t uen t s .  The f i r s t  is  r e l a t e d  t o  the "stagnation" state of the  system 
(inert nonreac t ive  mixture) and t h e  second, t h e  "reactive" cons t i t uen t .  The 
la t te r  takes i n t o  account t h e  e f f e c t  of  heat  of chemical r eac t ions  on the  ther-  
mophysical and thermodynamic p rope r t i e s .  Besides,  f o r  s e v e r a l  mixtures,  t he  /6 
second cons t i t uen t  may b e  of an order  higher than the "stagnation" cons t i t uen t .  

Following from t h e  above, t h e  co l l ec t ion  of au thors  [2,  3, 5, 61 has  de- 
monstrated t h a t  the e f f e c t  of hea t  of chemical r eac t ions  on heat t r a n s f e r  i n  
uniform gaseous mixtures is  s u f f i c i e n t l y  taken i n t o  account i f ,  i n  the gene ra l  
r e l a t i o n s  app l i cab le  t o  t h e  c a l c u l a t i o n  of heat t r a n s f e r  without chemical reac- 
t i o n s ,  w e  u t i l i z e  so-called "ef fec t ive"  thermophysical and thermodynamic pro- 
p e r t i e s  of uniform systems. Thus, Schotte [2] ,  comparing t h e  ca l cu la t ed  and 
experimental  va lues  of thermal d i f f u s i v i t y  of d i s s o c i a t i v e  n i t rogen  t e t rox ide ,  
N204 ,  when P = 1 a t m . ,  came t o  the  conclusion t h a t  t h e  method of eva lua t ion  of 

thermal d i f f u s i v i t y  of a uniform d i s s o c i a t i v e  gas through "ef fec t ive"  thermo- 
phys ica l  p rope r t i e s  g ives  h ighly  s a t i s f a c t o r y  r e s u l t s .  

Based on such assumptions, a methodology f o r  t h e  c a l c u l a t i o n  of thermo- 
dynamic func t ions  of d i s s o c i a t i v e  systems has  been developed. 

I n  t h e  present  work, a thermodynamic a n a l y s i s  i s  c a r r i e d  ou t  on one of t h e  
most i n t e n s i v e l y  s tud ied  systems of  t h e  d i s s o c i a t i v e  cases -- n i t rogen  te- 
t rox ide ,  N 0 2 4' 

Physicochemical p rope r t i e s  of ni t ropen t e t rox ide .  I n  t h e  pure state,  ni-  
t rogen t e t rox ide ,  N 0 ( co lo r l e s s  c r y s t a l s ) ,  exists only a t  low temperatures.  

A t  temperatures above 262' K -- it  is a c r y s t a l  m a s s ,  s l i g h t l y  lemon colored;  
wi th  increased  temperature, a reddish  borax colored l i q u i d .  

2 4  

The reddish  borax co lor ing  of t h  i t rogen  t e t r o x i d e  under ordinary condi- 
t i o n s  is  explained by t h e  presence of t olecules  of n i t r i c  oxide i n  t h e  mixture  
which appear by reason of t h e  r e v e r s i b l e  equi l ibr ium reac t ion :  

2 



- The tendency of t h e  NO2 (O=N=O) molecules to  i n t e r a c t  with each o the r  is 

conditioned by t h e  presence i n  each, when bound t o  an atom of n i t rogen ,  of one 
unpaired (odd) e l e c t r o n  ( i n  a molecule of NO 

and 2 x 6 i n  0 ). 

a s y s t e m w i t h  an even number of e l ec t rons  is more s t a b l e  than  one of molecules 
conta in ing  odd e l ec t rons .  

t h e r e  are 1 7  e l ec t rons ,  5 i n  N2 2 
Inso fa r  as the  valence bond is r e a l i z e d  by e l e c t r o n  pa i r ing ,  2 

Molecules wi th  an odd number of e l ec t rons  tend toward var ious  j o i n t  reac- 
t i o n s ,  p a r t i c u l a r l y  toward polymerization. The combining of such unpaired 
e l e c t r o n s  during polymerization c r e a t e s  N-N bonds i n  molecules of N 0 The 

i n s t a b i l i t y  of N 0 molecules is  explained by t h e  i n s t a b i l i t y  of t h i s  bond. 
2 4' 

2 4  

TABLE 1. PHYSICOCHEMICAL PROPERTIES OF NITROGEN TETROXIDE. 

Quantity 

Molecular weight 

Melting po in t  

Bo i l ing  po in t  a t  P = 1.02 a t m .  

C r  i t i c a l  temp era t u r  e 

Cri t ical  volume 

C r i t i c a l  p ressure  

Surface  tens ion  a t  293°K 

H e a t  of formation N2O4 (gas) 

N2O4 ( l i qu id )  

La ten t  hea t  of evaporation a t  294°K 
Latent  h e a t  of fus ion  a t  283.1"K 
Standard evaporation entropy a t  

S p e c i f i c  weight N2O4 ( l i qu id )  a t :  

294°K 

262°K 
273°K 

Value 

92.02 
+262"K 
262.2"K 
294OK 
295 OK 
294.5"K 
431°K 
431.5"K 
165.3 cm3/mo1 

99 a t m .  

26.5 erg/cm2 

+2650 cal/mol 
+2303 cal/mol 
-5210 cal/mol 

9110 cal/mol 

32.2 c a l / g  

30.96 cal /mol  

1.5124 g/cm3 

1.4905 g/cm3 

Reference 
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In Table 1, the b a s i c  physicochemical p rope r t i e s  of n i t rogen  t e t r o x i d e  are 
l i s t e d .  

The s a t u r a t e d  vapors above the  l i qu id  t e t r o x i d e  c o n s i s t  of NO2 and N2O4, 

e x i s t i n g  i n  a s ta te  of dynamic equi l ibr ium N2O4 2 2N02. With an inc rease  i n  

temperature,  t h e  d i s soc ia t ion  N2O4 Z 2N02 increases ,  and at a temperature of 

430-450°K and a pressure  of 1.02 a t m . ,  N2O4 completely goes t o  N02. 

l i q u i d  phase,  t h e  degree of d i s s o c i a t i o n  is n o t  g rea t .  I n  t h e  gaseous phase, 
t h e  e f f e c t  of  d i s soc ia t ion  on the thermophysical p rope r t i e s  i s  s u b s t a n t i a l .  A t  
more e l eva ted  temperatures (T  > 450°K), d i s soc ia t ion  of t h e  n i t r o u s  oxide oc- 
cu r s  

I n  t h e  

The thermophysical p rope r t i e s  of the  f i r s t  r eac t ion  N2O4* 2N02 have been 

s u f f i c i e n t l y  learned  f o r  t h e  l i q u i d  and gaseous phases [12-151, b u t  inves t iga-  
t i o n  of the second s t age  of t h e  r eac t ion ,  2N02 + 2N0 + 02, is  s t i l l  i n s u f f i -  

c i e n t  [15 , 161. 

As is  evident  from t h e  referenced list of works, t h e  volume of experi-  /7 
mental d a t a  is  i n s u f f i c i e n t  f o r  t h e  determination of thermodynamic p rope r t i e s  
over  a wide range of temperatures and pressures .  Based on t h i s  d a t a ,  calcula-  
t i o n  is performed wi th  the following assumptions: 

1) A d i s s o c i a t i v e  gas is an i d e a l  g a s ,  and its equat ion of s ta te  is 

where P i s  t h e  t o t a l  p ressure  of the mixture, v is  t h e  s p e c i f i c  volume of t h e  
mixture,  R is t h e  un ive r sa l  gas constant  and "1, a2 are the degrees of  disso-  

c i a t i o n  of the f i r s t  and second s t a g e s  of t h e  reac t ion .  

2) the equi l ibr ium constant  i s  independent of t h e  pressure ;  

3) the reac t ions  take  p l ace  i n  p a r a l l e l .  

- The ca lcu la t ion  of enthalpy entropy i n  t h e  gaseous phase. The calcu- 
l a t i o n  w a s  performed under t h e  condi t ions of an equi l ibr ium reac t ion .  The 
equi l ibr ium cons tan ts  were taken from the experimental  d a t a  of Bodenstein [12, 
161: 
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logy,, = - 12310 + 1,7510g7'+4,83~10-,T-7,144~1~+3,062 
4,575 T 

i n  t h e  range 290-573'KY 

log&, = - - 5749 + 1,75-l0g T - 5 , O .  1 OAT $2,839 
T 

i n  t h e  range 400-1000°K, where % and K are t h e  equi l ibr ium cons tan ts  of t h e  
1 p2 

f i r s t  and second s t ages  of t he  r eac t ion .  
e p. 

The change i n  the number of mols, r e l a t e d  t o  t h e  o r i g i n a l  number of mols 
of N2O4, can be w r i t t e n  

e 
from which t h e  t o t a l  number of mols is 

= ( ]-al) +2a, (1- a2) +2a1a2 3. alaz -14 a1 4 a1a2. , 
The ins tan taneous  molecular webght, expressed i n  t e r m s  of t h e  molecular weight 
of t h e  i n i t i a l  composition of N2O4 equals 

I f  w e  assume t h a t  t he  components of t h e  mixture are i d e a l  gases,  then t h e  
equation of s ta te  f o r  t h e  component and f o r  t he  mixture  has the  form: 

f o r  t h e  f i r s t  s t a g e  of t h e  r eac t ion  

o r  f o r  one mole 

5 



from which t h e  p a r t i a l  pressure i s  

f o r  t h e  second s t a g e  of t h e  react ion 

The change i n  the  e f f e c t i v e  entropy and enthalpy values  i n  the  chemically 
r e a c t i v e  mixture can be ca lcu la ted  u t i l i z i n g  the  known thermodynamic r e l a t i o n s  
of t h e  mixture [17]: 

(9) 
dl  =dU + PdV $- VdP, 

4TdS =-dU f PdV. 
: $ a  . 

Transforming equations (9) and (10) and taking i n t o  considerat ion t h e  pro- 
p e r t i e s  of thermodynamic p o t e n t i a l s  (I, S) l i k e  t h e  funct ions T and P,  w e  g e t  
t h e  following equations,  s u i t a b l e  f o r  ca lcu la t ion :  

6 



dS  = e p  dT - - ($) dP.  
T P 

I n t e g r a t i n g  (11) and (12) along the  isotherm between t h e  pressure  P and t h e  
i n f i n i t e s i m a l  pressure  p0, w e  ge t :  

Since IO and So represent  t h e  enthalpy and entropy of i d e a l  gases ,  they 

can be  w r i t t e n  as an  a d d i t i v e  funct ion:  

, ~ i , + \  shfise 
where x is  the of the component. For each s e p a r a t e  component 

j 

T 

where Io 

component, when the  pure component is considered under s tandard condi t ions.  
From t h i s ,  equat ions (13) and (14) can be  w r i t t e n  i n  t h e  form: 

and So are t h e  corresponding enthalpy and entropy va lues  of t h e  0 j Oj 

P 



P 

the  e f f e c t i v e  enthalpy and entropy of t h e  system, inc luding  the e f f e c t  of dis-  
s o c i a t i o n ,  are equal t o  

. . .  

P 

where a10 and "20 are t h e  degrees of d i s s o c i a t i o n  f o r  t h e  f i r s t  and second 

s t a g e s  of t h e  r eac t ions  a t  pressure  PO; 

Here 

t ions ;  AS298 is t h e  s tandard  entropy. 

is t h e  hea t  of formation; ii a r e  t h e  components a t  s tandard  condi- 

O i  

The va lues  f o r  t h e  standard h e a t  of formation and t h e  s tandard  entropy are 
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. as follows [7]: 

Component 

298, Kcal/g-mol AHoi 
Kcal/g*mol* 

O2 NO N2°4 N02 

2.309 8.091 21.600 0 

72.73 57.47 50.34 49.0 

Using the  equations of thermal-capacity deduced by Karapet'yants [7], and 
i n t e g r a t i n g  them, we g e t  equations for the  r e l a t i v e  enthalpy and entropy of t h e  
component: 

iNao, =20,05(T -298) + 4,75. (T2 -2982) +3,56 lo5 - - - ( i  2:8) ' 
iNo, =10,26(T-298) +1,02.10-3((Ta-2982) +1,161.106 

T 
298 

SNa0, ==20,05In -+9,5*10-3(T-298)+ 

T 
295 

So, ~8,643111 - +0,202.10-3(T-298) + 0,515.106 

Following from t h e  assumptions shown above , . the  s p e c i f i c  weight can be /11 
expressed by t h e  equat ion 

RT (1  4- a1 -k aluz) 
P h 0 ,  

V =  
. -  



D i f f e r e n t i a t i n g  (26) a t  constant  pressure,  we g e t  

tt 
Using t h e  i soba r  of Vant-foff and the r e l a t i o n s h i p  of constant  equi l ibr ium, 

from t h e  s t a g e s  of d i s s o c i a t i o n  a t  (6) and (8), we have: 

W e  can w r i t e  t h e  changes i n  the heats of chemical reac t ion ,  AQxpl and 

*Qxp2 9 a t  t h e  f i r s t  and second s t ages  of t h e  r eac t ion  i n  the  form: 

AQXP, = 21NoI - IN,oI = 4 H,, +2iNOI - iNIo,, (30) 

AQxp,  =21N0 + Io* - 21N0, = A H,, +2iN0 + io, -2iN0,. (31) 
. -  

Solving equations (21)-(31) simultaneously,  w e  g e t  t h e  des i red  formulas 
f o r  t h e  changes i n  enthalpy and entropy of t h e  d i s s o c i a t i v e  gas N 2 0 4 :  

10 



where a10 and "20 represent  t h e  degree of d i s soc ia t ion  of t h e  f i r s t  and second 

s t a g e s  df the r eac t ion ,  respec t ive ly ,  a t  PO; al and a2 being func t ions  of t he  

temperature and pressure.  

200.9 
224,4 
246,4 
273,9 
311,O 
531,l  

Based on t h e  der ived r e l a t ionsh ips ,  t h e  "effect ive" enthalpy and entropy 
w e r e  computed on an e l e c t r o n i c  computer, t h e  "Minsk-2", over  a wide range of 
temperatures and pressures  (T = 300-1000°K; P = 1-130 a t m . ) .  The r e s u l t s  of 
t h e  ca l cu la t ions  are shown i n  Table 2. 

/12 

1,224 
1,274 
1,316 
1,364 
1,418 
1,484 

TABLE 2. VALUES OF "EFFECTIVE" EN-PIES AND 
ENTROPIES DEPENRING ON TEMPERATURE AND PRESSURE. 

1, K O  

450 
500 
550 
600 
650 
700 
750 
800 
850 
900 
950 

1000 

450 
600 
550 
6Qo 

750 
so0 
850 
900 
950 

1000 

E! 

b . '344~ 

212,6 
234,2 

. .264,3 
305.9 
360,2 
415,2 
469,7 
517,l  
554,7 
584,7 ' 

609,3 
630,l  . 

1 

%a 
1 ,348 
1,393 
1,351 
1,523 

1,692 
1,768 
1,830 
1,876 
1,910 
1,937 
1,958 

- 1,607 

a. P. ama . 
2 

13d4 

210,5 
231,l 
257.8 
294,4 
342,7 
394,4 
448,3 
498,2 
538,9 

. 572,4 
599,9 
622,9 

I3w 

192.2 
220,7 
242,5 
267,4 
300,5 
336,O 
378,9 
425,2 
470,l 
511,s 
548,7 
580,9 

20 

s3& 

1,176 
1,236 
1,278 
1,322 
1,370 
1,428 
1,488 
1,549 
1,604 
1,652 
1,692 
1,725 

' %@+ 

1,314 
1,358 
1,408 
1,472 
1,545 
1,627 
1,702 
1,767 
1,817 
1,855 
1,885 
1,909 

P .  ania 

f3@P 

206,3 
227.3 
230.7 
281,6 
323.5 

419,l 
469,4 
513,s 
551,4 
583.0 
609,7 

' 368,4 

40 

I306 

179,O 
215,4 
238,6 
262,O 
291,2 
323,2 
361,7 
404,8 
447,9 
489,6 
528,2 
562,6 

s3@b 

1,119 
1,196 
1,241 
1,282 
1,324 
1,377 
1,431 
1,487 
1,540 
1,588 
1,630 
1,666 

..__. 

1,265 
1,310 
1,355 
1,408 
1,470. 
1,543 
1,613 
1,679 
1 *=+ 
1.n. 
1,811 
1.836 
1_ 

Legend:. a = P, a t m .  ; b = I,ff, 
11 
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, 

T, "K 

450 
500 
550 
600 
6\50 
700 
750 
800 
850 
900 
950 

1000 ~ 

TABLE 2. (Continued) 

161,5 
207,l 
233,9 
257,O 
283,O 
312,3 
346.8 
386.2 
426.7 
467,3 
506,l 
542,l 

1,054 
1,151 
1,202 
1,243 
1,280 
1,329 
1.377 

. 1,429 
I ,  479 
1,525 
1,568 
1 ,605 

'36dJ 

155,2 
203,5 
232,l 
255,3 
280,7 
309,2 
342,5 
380,6 
420,2 
460,2 
498,9 
535,2 

. s3atl 

1,032 
1,135 
!, 189 
1,230 
1,269 
1,314 
1,361 
1,411 
1,459 
1,506 
1,548 
1,585 

I30 

'iClXb 

147,6 
198,8 
229.7 
253,4 
277,5 
305,7 
337,7 
374,4 
412,8 

. 452,O 
490,4 
526.8 

S3M 

1,006 
1,115 
1,174 
1,216 
1,250 

'1,297 
1,342 

'1,390 
1,437 
1,483 
1,524 
1,662 

Legend: see p. 11, 

For eva lua t ion  of the  assumptions used, ve r i fy ing  ca l cu la t ions  w e r e  car- 
r i e d  out  f o r  the enthalpy and entropy i n  t h e  gaseous phase through t h e  "effec- 
t ive"  c o e f f i c i e n t  of compressibi l i ty ,  developed on the b a s i s  of experimental 
da t a  f o r  P-V-T [18], i n  t h e  range of pressures  P = 1-130 a t m .  and tempera- 
t u re s  T = 390-440°K, and a t  t he  known re l a t ionsh ips  [ 7 ] :  

- /13 

The r e s u l t s  of comparable ca lcu la t ions  a r e  shown i n  Table 3.  
l a t i o n s  are i n  s u f f i c i e n t l y  c lose  agreement. 
t u t e s  an 8.5% divergence f o r  en tha lp ies  and a 2.9% f o r  en t ropies .  

These calcu- 
The l a r g e s t  discrepancy const i -  

The observed discrepancies  can be  considered f u l l y  permissible  f o r  carry- 
ing out  preliminary ca l cu la t ions  in'turbomachinery, hea t  exchangers, and ther- 
modynamic cycles .  

The authors  express t h e i r  thanks t o  Academician A. K .  Krasin of t h e  Acad- 
emy of Sciences,  BSSR, f o r  t he  suggestion of t h e  problem which has been ex- 
plored,  and f o r  h i s  i n t e r e s t  i n  t h e  work. 
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0,008 
0,013 
0,020 
0,026 
0,018 
0,009 

-0,006 

TABLE 3.  RESULTS OF VERIFYING CALCULATIONS OF ENTHALPY AND ENTROPY. 

. i , 26  
2,30 
4.10 
5,20 
3.23 
0,14 
5,20 

350' I( . 
1 144.9 1,172 144,9 1,172 
3 1 116,2 1 1,053 1 1 1,048 
5 101,6 0,996 0,991 

380" K 

10 
20 
40 
50 
60 

1 180,s 1.269 180.5 1,269 
3 167,7 1,194 162,l 1.178 
5 156,6 1,146 149,5 1,125 

10 135,5 1,067 129,9 1,049 
20 108,6 0,976 110,4 0,975 

187;9 
174,4 
151,5 
140,3 
128,2 

410" K' * '  

1 
3 

* 5 
10 
20 
40 
50 
60 
80 
90 

1 197,3 1,312 197,3 1,312 
3 188,7 1,247 189,6 1,248- -0,9 
5 182,9 1,213 183,l 1,211 -0,2 

10 172,8 1,162 170,4 1,152 2 ,4  
20 156,6 1,097 153.1 1,084 3 , 5  

205,2 
203,O 
200,g 
195,6 
184,7 
166,8 
157,O 
149,3 
131,7 
131,O 

1 -  1 I I I 

205,2 
200,5 
196,6 
188,5 
176,O 
158,9 
152,7 
147,s 
139,2 
-135.8 

0,005 1.47 
0,005 ' I 1,08 

1,331 
1,274 
1,243 
1,196 
1,139 
1,073 
1,050 
1,032 
1,003 
0,991 

0,016 3,26 
0,021 4,54 
0,018 4,14 
0,001 , 1,67 

0,007 

0,02 
0,025 
0,025 
0,020 
0,013 

-0,006 
-0,021 

t.0,013 

-0,001 0,48 
0,002 0,11 
0,010 1.39 
0,013 ' 2,124 

1,23 

3,64 
4,70 
4,75 
3,36 
1,20 
2,68 
3,lO 

2,15 

40 129,l 1,009 133,3 1,011 - 4,2  -0,002 3,25 I,W 
50 I 117,4 1 0,975 1 127,O 1 0,988 1 -10,O 1 -0,013 I 8,5 I 1,s 

201,4 1 198,O 
5 195.0 

I 

1,322 
1,270 
1,242 
1,196 
1,140 
A ,062 
1,029 
0,996 

1,331 
1,281 
1,256 
1,216 
1,164 
1,098 
1,070 
1,045 
0,997 
0,970 

201,4 
195,5 
190,5 
180,3 
165,3 
146,6 
140,l 
134,9 

420" K 
1,322 
1,262 
1,229 
1,176 
1,114 
1,044 
1,020 
1,002 

2 , s  
. 4 , 3  
7,1 
8 , 7  
7 ,9  
3 , 3  

. 1,8 
-3,5' 
-4,8 

0.63 
1,04 
1,67 
2,28 
1,69 
0,87 
0,62 

0.54 
I ,03 
1,64 
2.15 
2,28 
1,87 

. 1.24 
0960 
2.15 

L e g e n d :  a = I,ff through Z e f f ;  b = % error. 
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